Chromosome 1q has been implicated in the etiology of schizophrenia in several independent studies. However, the peak linkage findings have been dispersed over a large chromosomal region, with negative findings in this region also being reported. Our group has previously observed linkage on chromosome 1q42, maximizing within the DISC1 gene, which has also been implied in the etiology of schizophrenia based on functional studies. In the study presented here, we genotyped 300 polymorphic markers on chromosome 1 using a study sample of 70 families with multiple individuals affected with schizophrenia or related conditions, independent of the study samples in our previous reports. We again found evidence for linkage on 1q42 maximizing within the DISC1 gene (rs1000731, lod ¼ 2.70). Further, a haplotype containing the most strongly linked markers showed some evidence of association with the disease. This replicates the previous linkage finding in the same region and constitutes supportive evidence for a susceptibility gene in this region.
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The etiology of the disorder is unknown, but the disease has a distinct familial component. 2 Recently, chromosome 1q has emerged as one of the most likely regions in the genome for containing schizophrenia susceptibility loci. In Canadian families, a logarithm of odds (lod) score of 6.5 in favor of linkage has been reported on 1q21 between markers D1S1653 and D1S1679.
3 Some 10.6 cM telomeric from this location, an lod score of 3.2 was reported 4 in a British-Icelandic study sample. Further towards the 1q telomere, on1q42, a balanced (1;11)(q42.1;q14.3) translocation provided an lod score of 3.3 in a large Scottish pedigree, 5 and a subsequent clinical follow-up study reported an lod score of 7.1 in the same pedigree when broad diagnostic criteria were used. 6 In 2000 two genes disrupted by the translocation in this family were identified, 7 and they were named Disrupted in Schizophrenia 1 and 2 (DISC1, DISC2). Our group has previously reported two distinct regions of linkage on chromosome 1, one on 1q32 in families from a regional subisolate of the late settlement region of Finland, 8 and another on 1q42 in families collected from the rest of Finland, excluding the subisolate. 9, 10 The region on 1q42 contains the DISC1 and DISC2 genes.
In a multi-center meta-analysis of all genome-wide scans of schizophrenia, 11 chromosome 1q was not among the most interesting loci; specifically, the bin containing 1q42 represented the 46th bin among 120. The involvement of 1q in schizophrenia has also been challenged in a large multi-center replication study with a total of 984 schizophrenic sib pairs. In total, 16 microsatellite markers, covering approximately 110 cM on 1q, were analyzed and no evidence for linkage was obtained. There are several possible explanations for the lack of replication in such a study design, in addition to the possibility of no true linkage. As pointed out by Levinson et al, 12 the populations in which linkage has been reported might be ethnically different from the ones from which the replication samples were drawn. Although this is said to be less likely for the Canadian sample of European ancestry utilized by Brzustowicz et al, 3 ethnic differences are certainly a possible source of inconsistent findings between the Finnish sample and others because of the unique population history of the Finns. 13 Moreover, the mapping of human susceptibility loci for diseases such as schizophrenia is generally hampered by the expected genetic heterogeneity, incomplete penetrance, and phenocopies, 14 all making replication of any positive results difficult, and often the significance of the results of statistical findings in various studies remains marginal. 15 As shown by Goring et al, 16 genome-wide studies necessarily overestimate the effect size of any locus identified. This could lead to the observation that attempts at replication of linkage studies in general either fail to support the original finding or find a smaller effect size. The issue could be solved by performing a greater number of independent replications of the original findings. Possible interpretations of the negative replication on chromosome 1 are also discussed in a letter by MacGregor et al.
17
The first goal of the present study was to replicate our original linkage findings both on 1q32 and 1q42 using an independent sample from the Finnish population and a dense set of 300 polymorphic markers. Secondly, because of the very high marker density, we wanted to employ a multipoint method that corrects for linkage disequilibrium between markers and compare it to standard multipoint analysis. Thirdly, we wanted to investigate whether a sample collected from the same population as our original sample could help in the interpretation of the negative replication study. Finally, we performed association analysis for the markers in the region that provided the strongest evidence of linkage.
Materials and methods
We performed linkage analysis for three different affection classes, based on DSM-IV criteria. The classes were (I) schizophrenia (30 families, 32 ASP); (II) schizoaffective disorder in addition to I (48 families, 53 ASP); and (III) other schizophrenia spectrum conditions 9 in addition to II (70 families, 79 ASP). The diagnoses were based on review of all available patient records, as previously described elsewhere. 18 We genotyped a total of 300 polymorphic markers on chromosome 1, including all the markers used in our previous reports. 8, 10 The genotyping was focused on the regions of our previous findings, with 274 of the markers covering the 44 cM region between D1S422 and D1S204.
Two-point linkage analysis was performed using the MLINK 19 program after Mendelian checking had been performed by Pedcheck. 20 Multipoint analysis was performed using the LINKMAP and HOMOG programs conditional on the marker-marker haplotype frequencies estimated with a specially written version of the ILINK program. 21, 22 Association analysis was performed with the TRANSMIT software 23 utilizing aggregated genotypes and haplotypes of frequency less than 5% within the analyses to make the assumption of a w 2 distribution. We estimated the variance-covariance matrix from the empirical data, which should provide a robust estimate of association in multiply affected families even in the presence of linkage.
Results
Since the 1q region is arguably the most interesting locus for familial type of schizophrenia in Finland, we wanted to address the significance of this locus by genotyping 300 markers across the region in an independent set of 70 families containing 79 affected sib pairs (ASP). In Figure 1 , we present the results for all markers on chromosome 1q for the same dominant, affected only model that provided the strongest evidence for linkage in our original study. 10 The other models provided less evidence for linkage (not shown). The best two-point lod score (lod ¼ 2.70) was obtained for a single-nucleotide polymorphism (SNP) located within intron 9 of the DISC1 gene (rs1000731). A neighboring SNP 1.5 kb towards the centromere (rs3890280) also provided some evidence for linkage (lod ¼ 2.30). Interestingly, both these polymorphisms are situated between the microsatellite markers D1S3462 and D1S2709 that provided the strongest evidence for linkage in our previous finding on 1q42 using a sample of 284 schizophrenia families. 10 In this new study sample, neither of these multiallelic markers showed significant evidence for linkage (lod ¼ 0.01, D1S3462; lod ¼ 1.00, D1S2709 for the given model). This underlines the difficulties involved in interpretation of linkage findings in complex traits. Although we drew our study sample from the same population as the original study, replication would not have been obtained using the same set of multiallelic markers. By using a denser marker map including SNPs, however, we found evidence for linkage clearly exceeding the genomewide replication threshold (pointwise P-value of 0.01Blod 1.18) suggested by Lander and Kruglyak. 24 We also performed multipoint analysis over the linked region (six markers, D1S3462-rs1015100). Since these markers are in strong LD with one another, evidence for linkage would artificially be grossly inflated by traditional multipoint linkage methods that do not control for LD among the markers, as is the case for most of such methods. Markers in complete LD with one another provide no additional linkage information in reality, but if the analysis assumes that they are not in LD, then the program assumes that the markers would provide independent evidence of linkage, effectively adding more informative nonrecombinant meioses to the linkage analysis, inflating the lod score substantially. This inflation is especially pronounced for markers with low information content, like the SNP markers used here. To demonstrate this problem, we first performed the analysis naively, using the traditional approach of performing multipoint linkage analysis with LINKMAP 19 and subsequent heterogeneity analysis with HOMOG 25 programs. Then, we performed a proper multipoint analysis by first estimating the haplotype frequencies among the SNP markers with a specially written version of the ILINK program. 21, 22 Then, conditional on the marker-marker haplotype frequencies (and assuming no LD with the trait locus), linkage analysis was performed using LINKMAP and HOMOG as above. This should be a conservative approach that eliminates the false-positive inflation of the lod score described above, as can clearly be seen in Table 1 . In summary, we can conclude that essentially all linkage information was provided by rs1000731, that is, adding neighboring markers in LD with this SNP to the linkage analysis decreased the evidence for linkage compared to two-point analysis.
To address the discrepancy of the lack of replication in the multi-center replication study, we compared our marker set to those genotyped in that study. 12 We had genotyped nine of the 16 markers included in the replication study of 984 schizophrenic sib pairs, and none of them provided a two-point lod score higher than 1 for the best inheritance model in our study (D1S2709, lod ¼ 1.00). Also, multipoint analysis using these markers did not provide significant evidence for linkage (Genehunter version 2.1, NPL o1.0, not shown). It seems evident that the marker set used by Levinson et al 12 would have been insufficient to identify linkage also in our study sample. Two-, three-and four-marker haplotype association analysis was performed with the TRANSMIT software on the four most significantly linked markers from the multipoint linkage analysis. As can be seen in Table 2 , the two-marker haplotype containing only the two most strongly linked SNPs did not show evidence of association (P ¼ 0.3118). However, a three-marker haplotype containing the SNP 1872C4T in addition to these two SNPs showed evidence of association (P ¼ 0.0009), being overtransmitted to affected individuals. For the two-point analysis of the most significantly associated SNPs, we used the Pseudomarker software. 26 With this method, we saw little evidence of association, conditional on the presence of linkage (1872C4T, P ¼ 0.022; rs3890280, P ¼ 0.196; rs1000731, P ¼ 0.090). Therefore it is certainly a possibility that the causative variant underlying the strong linkage signal seen in several studies has not yet been identified. Similar to all available association analysis programs, it is a challenge to fully correct for the presence of linkage in the region analyzed with TRANSMIT, especially in the presence of missing data. 27 To assess whether missing parental genotypes and/or linkage were responsible for the linkage signal, we performed two additional analyses. First we eliminated the effect of linkage by analyzing only one affected offspring per family, and, despite the decreased power to detect association, there was still some evidence of association (P ¼ 0.01). Secondly, we eliminated the effect of missing data by including only families with both parents genotyped. This was very conservative as only 33 families were included in this Results for two-, three-, and four-marker combinations of the markers are presented. [2] Lodhom ¼ homogeneity lod score, lodhet ¼ heterogeneity lod score, a ¼ proportion of linked families.
analysis, but again, we saw some evidence of association (P ¼ 0.02). Therefore, it can be concluded that neither missing data nor linkage completely explains the association signal that we observed.
Discussion
The present study represents an independent replication of linkage to chromosome 1q42 in schizophrenia. We were able to detect linkage by using a very dense marker set (N ¼ 300). The more sparse marker sets used in our previous study as well as a negative replication study would not have detected significant linkage in the present study sample. It has been shown that when the lod score is maximized over the many point-wise tests being conducted throughout the genome in a genome-wide scan, the locus-specific effect-size estimate is effectively maximized as well. 16 This phenomenon can be responsible for the frequent failures to replicate initial claims of linkage or association for complex traits, even when the initial localization is, in fact, correct. Therefore, the negative finding in this study for the best marker in the previous report is not surprising. However, by adding more markers in this stage, we have increased the probability of including markers closer to the diseasecausing variant(s) and improved the allelic resolution.
For this particular genomic region, the most likely candidate genes are DISC1 and 2. The best markers both in our previous report and in this study are located within those genes. It is also noteworthy that the two independent study samples showed the strongest evidence for linkage in virtually the same position. This is somewhat unexpected in light of several simulation studies demonstrating a rather poor resolution of the linkage peaks in the efforts to position a complex disease gene. 28, 29 It is also of interest that the region on 1q32, that revealed evidence for linkage in a Finnish subisolate in our earlier studies, 8, 10 also showed some, although weaker, evidence for linkage in this new study sample, collected from outside this subisolate region (rs1000352, lod 1.41 for the same model as above).
Due to our previous findings on 1q42, combined with other evidence for the involvement of the DISC genes in the etiology of schizophrenia, we focused our genotyping in part on the 1q42 region, with 31 markers being located in the DISC genes, and the neighboring gene TRAX. We found weak evidence of association for markers under this linkage peak. Yet, it cannot be excluded that susceptibility variants in some other nearby gene(s) were responsible for the original linkage signal and subsequently overlooked by our regional candidate approach.
The linkage finding reported here, taken together with the previous linkage findings on 1q42, 5,10,30 association findings, 31 functional studies, [32] [33] [34] cross-species comparisons, 35, 36 and expression studies, 35, 37 strongly implicates DISC1 in the etiology of schizophrenia. Empirical P-values are based on the TRANSMIT bootstrapping method with 100 000 replicates, which derives the P-value from the probability of the w-value occurring in this population.
